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SUBCUTANEOUS IMPLANTABLE
CARDIOVERTER-DEFIBRILLATOR
PLACEMENT METHODS
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application Ser. No. 10/124,139, filed Apr. 17, 2002, and now
U.S. Pat. No. 7,194,302, the entire disclosures of each of
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ence: U.S. application Ser. No. 09/940,283, filed Aug. 27,
2001, now U.S. Pat. No. 7,065,407; U.S. application Ser. No.
09/940,371, filed Aug. 27, 2001, now U.S. Pat. No. 7,039,
465; U.S. application Ser. No. 09/940,468, filed Aug. 27,
2001, published as U.S. 2002-0035379 Al, and now aban-
doned; U.S. application Ser. No. 09/941,814, filed Aug. 27,
2001, published as U.S. 2002-0035381 Al, and now aban-
doned; U.S. application Ser. No. 09/940,356, filed Aug. 27,
2001, published as U.S. 2002-0035378 Al, and now aban-
doned; U.S. application Ser. No. 09/940,340, filed Aug. 27,
2001, now U.S. Pat. No. 6,937,907; U.S. application Ser. No.
09/940,287, filed Aug. 27, 2001, published as U.S. 2002-
0035377 Al, and now abandoned; U.S. application Ser. No.
09/940,377, filed Aug. 27, 2001, now U.S. Pat. No. 6,866,
044; U.S. application Ser. No. 09/940,599, filed Aug. 27,
2001, now U.S. Pat. No. 6,950,7035; U.S. application Ser. No.
09/940,373, filed Aug. 27, 2001, now U.S. Pat. No. 6,788,
974, U.S. application Ser. No. 09/940,273, filed Aug. 27,
2001, now U.S. Pat. No. 7,069,080; U.S. application Ser. No.
10/011,566, filed Nov. 5, 2001, now U.S. Pat. No. 6,988,003
U.S. application Ser. No. 10/011,956, filed Nov. 5, 2001, now
U.S. Pat. No. 7,120,495; U.S. application Ser. No. 09/940,
266, filed Aug. 27, 2001, now U.S. Pat. No. 6,856,835; U.S.
application Ser. No. 09/940,3778, filed Aug. 27, 2001, now
U.S. Pat. No. 7,146,212; U.S. application Ser. No. 09/940,
471, filed Aug. 27, 2001, now U.S. Pat. No. 7,076,296; U.S.
application Ser. No. 10/011,949, filed Nov. 5, 2001, now U.S.
Pat. No. 7,090,682; U.S. application Ser. No. 10/011,527,
filed Nov. 5, 2001, now U.S. Pat. No. 6,834,204; U.S. appli-
cation Ser. No. 10/011,952, filed Nov. 5, 2001, now U.S. Pat.
No. 6,778,860; U.S. application Ser. No. 10/011,860, filed
Nov. 5, 2001, now U.S. Pat. No. 7,092,754; U.S. application
Ser. No. 10/011,938, filed Nov. 3, 2001, published as U.S.
2002-0095184 A1, and now abandoned; U.S. application Ser.
No. 10/011,3506, filed Nov. 3, 2001, published as U.S. 2002-
0107544 Al, and now abandoned; U.S. application Ser. No.
10/015,202, filed Nov. 5, 2001, now U.S. Pat. No. 6,952,610:
U.S. application Ser. No. 10/011,953, filed Nov. 3, 2001, now
U.S. Pat. No. 6,952,608; U.S. application Ser. No. 10/011,
957, filed Nov. 5, 2001, now U.S. Pat. No. 6,954,670; U.S.
application Ser. No. 10/011,946, filed Nov. 5, 2001, now U.S.
Pat. No. 6,865,417; U.S. application Ser. No. 10/011,948,
filed Nov. 5, 2001, now U.S. Pat. No. 6,927,721; U.S. appli-
cation Ser. No. 10/011,365, filed Nov. 5, 2001, published as
U.S. 2003-0088277 Al, and now abandoned; U.S. applica-
tion Ser. No. 10/011,941, filed Nov. 5, 2001, now U.S. Pat.
No. 7,043,299; U.S. application Ser. No. 10/011,607, filed
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2002-0107545 A1, and now abandoned; and U.S. application
Ser. No. 09/990,510, filed Nov. 21, 2001, now U.S. Pat. No.

6,754,528.

FIELD OF THE INVENTION

The present mvention relates to a device and method for
performing electrical cardiac stimulation, including cardio-
version, defibrillation and, optionally, pacing of the heart
using subcutaneous electrodes. The positions of the elec-
trodes are optimized so that they can be used to generate an
clfective electric field across the heart with the electrodes
having a small contact surface.

BACKGROUND OF THE INVENTION

The heart 1s a mechanical pump that 1s stimulated by elec-
trical impulses. The mechanical action of the heart results in

the flow of blood. During a normal heartbeat, the right atrium
(RA) fills with blood from the returning veins. The RA then

contracts and this blood 1s moved into the right ventricle
(RV). When the RV contracts 1t pumps the blood to the lungs.
Blood returning from the lungs moves into the left atrium
(LA) and, after LA contraction, 1s pumped into the left ven-
tricle (LV), which then pumps it throughout the body. Four
heart valves keep the blood tlowing 1n the proper directions.

The electrical signal that drives the mechanical contraction
starts 1n the sin 0-atrial node, a collection of specialized heart
cells 1n the right atrium that automatically depolarize (change
their potential). The depolarization wavelront passes across
all the cells of both atria and results in atrial contractions.
When the advancing wavetront reaches the A-V node, it 1s
delayed so that the contracting atria have time to {ill the
ventricles. The depolarizing wavelront then passes across the
ventricles, causing them to contract and to pump blood to the
lungs and body. This electrical activity occurs approximately
72 times a minute 1n a normal individual and is called normal
sinus rhythm.

Abnormal electrical conditions can occur that can cause
the heart to beat irregularly ; these irregular beats are known as
cardiac arrhythmias. Cardiac arrhythmias fall into two broad
categories: slow heart beats or bradyarrhythmia and fast heart
beats or tachyarrhythmia, clinically referred to as bradycardia
and tachycardia, respectively. Bradycardia often results from
abnormal performance of the AV node. Stimul1 generated by
the heart’s own natural pacemaker, the SA node, are 1mprop-
erly conducted to the rest of the heart’s conduction system; as
a result, other stimuli are generated although their intrinsic
rate 1s below the SA node’s intrinsic rate. Clinical symptoms
associated with bradycardia include lack of energy, dizziness,
etc., as the heart beats more slowly than 1s usual.

Bradycardia has been treated for years with implantable
pacemakers. Their primary function 1s to monitor the heart’s
intrinsic rhythm and to generate a stimulus strong enough to
initiate a cardiac contraction in the absence of the heart’s own
intrinsic beat. Typically, these pacemakers operate in a
demand mode 1n which the stimulus 1s applied 1f the 1ntrinsic
rhythm 1s below a predetermined threshold.

Tachycardia 1s often associated with cardiac fibrillation, a
condition 1n which the electrically coordinated aspects of the
cardiac wave fronts are lost and, instead, have degenerated
into chaotic, almost random electrical stimulations of the
heart. Tachycardia often results from 1schemic heart disease
in which local myocardium performance 1s compromised As
a result ol tachycardia, coordinated contraction of heart tissue
1s lost which leads to a loss of blood flow to the rest of the
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body. Brain death can occur within several minutes of tachy-
cardia, followed by complete death several minutes later 1 the
tachycardia 1s left untreated.

Application of an electrical stimulus to a critical mass of
cardiac tissue can be effective 1n extending the refractory
aspects such that the heart can recover from its chaotic con-
dition and resume normal coordinated propagation of electri-
cal stimulation wave fronts that result in the resumption of
normal blood flow. Thus, the application of an electrical
stimulus can revert a patient’s heart to a sinus cardiac rhythm
and the chambers of the heart once again act to pump in a
coordinated fashion. Such a stimulus 1s known as defibrilla-
tion.

Cardioversion/defibrillation 1s a techmque employed to
counter arrhythmic heart conditions including some tachy-
cardias 1n the atria and/or ventricles. Typically, electrodes are
employed to stimulate the heart with high energy electrical
impulses or shocks, ol a magnitude substantially greater than
the intrinsic cardiac signals. The purpose of these high energy
signals 1s to disrupt the generation of the chaotic cardiac
signals and cause the heart to revert to a sinus rhythm.

There are two kinds of conventional cardioversion/defibril-
lation systems: internal cardioversion/defibrillation devices,
or ICDs, and external automatic defibrillators, or AEDs. An
ICD 1ncludes a housing containing a pulse generator, elec-
trodes and leads connecting the electrodes to the housing. The
clectrodes are implanted transvenously in the cardiac cham-
bers or are attached to the external walls of the heart. Various
structures of these types are disclosed 1n U.S. Pat. Nos. 4,603,
705; 4,693,253;4,944,300; 5,105,810; 4,567,900; and 5,618,
287, all of which are incorporated herein by reference.

In addition, U.S. Pat. Nos. 5,342,407 and 5,603,732, incor-
porated herein by reference, disclose an ICD with a pulse
generator implanted 1n the abdomen and two electrodes. In
one embodiment (FIG. 22), the two electrodes 188, 190 are
implanted subcutanecously and disposed in the thoracic
region, outside of the ribs and on opposite sides of the heart.
In another embodiment (FIG. 23), one electrode 206 1s
attached to the epicardial tissues and another electrode 200 1s
disposed 1nside the rib cage. In a third embodiment (FIG. 24),
one electrode 208 1s disposed away from the heart and the
other electrode 210 1s disposed 1inside the right ventricle. This
system 1s very complicated and 1t 1s difficult to implant sur-
gically since 1t requires three separate incisions.

Recently, some ICDs have been made with an electrode on
the housing of the pulse generator, as 1llustrated in U.S. Pat.
Nos. 5,133,353; 35,261,400; 5,620,477, and 5,658,325; all of
which are imncorporated herein by reference.

ICDs have proven to be very eflective for treating various
cardiac arrhythmias and are now an established therapy for
the management of life threatening cardiac rhythms, such as
ventricular fibrillation. However, commercially available
ICDs have several disadvantages. First, they must be
implanted using somewhat complex and expensive surgical
procedures that are performed by specially trained physi-
cians. Second, they rely on transvenous leads for the place-
ment of at least one electrode within the cardiac chambers. It
has been found that over a period of time the electrodes get
dislodged from the cardiac tissues, undesirable tissue forma-
tions may deposit on the electrodes, or the leads can break.
These problems are especially acute when leads carry two or
more electrodes. Third, removing these ICDs and replacing,
them, 11 necessary, also requires complicated surgical proce-
dures that may be more life-threatening than the initial
implantation.

As mentioned above, AEDs are also employed to provide
antiarrhythmic therapy. A typical AED 1s similar to an ICD 1n
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that 1t also includes a pulse generator and a pair of electrodes
connected to the pulse generator by leads. Because all of these

clements are external, they can be made larger than the cor-
responding elements of an ICD. Moreover, because the elec-
trodes are applied externally, an AED typically requires more
power than an ICD.

Three types of AEDs are presently available. One type 1s
normally used 1n a hospital or similar facility and 1s designed
to be used by a trained physician when a patient 1s suffering
from an acute tachyarrhythmia.

The second type 1s placed 1n public places such as theaters,
airports, and so on, and 1s designed to be used 1n an emergency
by people with less training, such as medical technicians, or
even lay persons. Both the first and second types of AED
require some kind of intervention by a person before opera-
tion.

A third type of AED has been proposed which 1s adapted to
be worn by a patient, and which could function without an
operator.

All three types of AEDs require the application of external
clectrodes which are uncomiortable. Even the third type of
AED presents at best only a short term solution to cardiac
arrhythmia.

OBJECTIVES AND SUMMARY OF THE
INVENTION

An objective of the present invention 1s to provide a sub-
cutaneous cardiac stimulator device having electrodes with
small areas, yet capable of generating a relative and effective
clectric field through the heart of a patient.

A Turther objective 1s to provide a subcutaneous cardiac
stimulator device that has been optimized by adjusting sev-
eral design parameters that control and affect the size, shape
and structure of the device.

Yet another objective 1s to provide a subcutaneous cardiac
stimulator device that does not include any leads extending
into or touching a patient’s heart.

Briefly, a subcutaneous device 1s provided with at least two
clectrodes and a stimulator for generating pulses applied to
the electrodes. In one embodiment, the two electrodes are
generally flat and are adapted to be implanted at predeter-
mined positions outside the patient’s rib cage. More specifi-
cally, one electrode 1s adapted to be implanted near the ster-
num and the second electrode 1s adapted to be implanted on
the lett side of the patient. When a pulse 1s applied between
the electrodes an electric field 1s generated. The positions of
the electrodes are chosen so that the electric field 1s effective
for defibrillation. The electrode sizes, including their contact
surfaces, shapes and structures are optimized as well to
reduce the energy dissipated outside the heart during each
pulse. More specifically, the total contact surface area of the
two electrodes is less than 100 cm”.

In another embodiment, a unitary device 1s provided with a
housing containing a cardiac stimulator adapted to generate
clectrical pulses and two electrodes formed on the housing
and coupled to the cardiac stimulator within the housing. The
unmtary device 1s implanted subcutaneously between the skin
and the rib cage of the patient. Preferably, the unitary device
1s positioned between two of the ribs, and 1s oriented so that its
clectrodes generate an electric field that has a voltage gradient
as 1t passes through the heart that 1s suificient to defibrillate
the heart.

In accordance with this invention, a cardiac device is pro-
vided which includes first and second subcutaneous elec-
trodes and a cardiac stimulator electrically connected to the
first and second electrodes and adapted to apply electrical
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pulses between the first and second electrodes. The first and
second electrodes cooperate with the cardiac stimulator to
generate an electric field characterized by a substantially
constant voltage gradient across a substantial portion of the
heart of a patient when the first and second electrodes are
implanted at respective first and second positions within the
patient. The electrodes are sized and shaped so that their total
contact surface (the surface that contacts the patient’s tissues)
is less than 100 cm”.

Another aspect of the mnvention concerns a cardiac device
with an anterior and a posterior electrode, each electrode
having an inner and an outer surface, and a cardiac stimulator
clectrically connected to the electrodes and adapted to selec-
tively apply electrical pulses between the electrodes. The
clectrodes are adapted to be implanted subcutaneously with
the inner surfaces being 1n contact with the body tissues and
pointing mnwardly toward the heart, the inner surfaces being
metallic surfaces that present a low tissue/electrode interface
when implanted. Preferably, the anterior electrode 1s disposed
adjacent to the sternum, and its inner surface area 1s no greater
than the inner surface area of the posterior electrode. In one
embodiment, the surface area of the anterior electrode 1s less
than 20 cm* and preferably in the range of 5-15 cm? and the
surface area of the posterior electrode is less than 50 cm” and
preferably in the range of 15-40 cm”.

The voltage on the electrodes 1s selected so that the electric
field has a sufficient intensity to defibrillate the heart. Prefer-
ably the electric field has a voltage gradient in the range of
about 3-8 V/cm across the cardiac tissues.

Another aspect of the mnvention concerns a cardiac device
having two electrodes and a cardiac stimulator electrically
connected to and selectively generating electrical pulses
between the electrodes. One of the electrodes 1s implanted
subcutaneously 1n the vicinity of the sternum with its geo-
metric center being disposed on a {first line perpendicular to
the central axis through the patient. The second electrode 1s
adapted to be implanted subcutaneously on the left side of the
patient with 1ts center being disposed on a second line per-
pendicular to the central axis. The first and second lines define
a predetermined angle therebetween. Preferably, the first line
defines an angle of 5 to 30 degrees with a third line extending
perpendicularly from the central axis and extending from the
central axis to the sternum. Preferably, the second line defines
an angle of 60-120 degrees with the third line. Preferably, the
first and second lines define an angle less than 90 degrees.

The geometric centers of the electrodes are separated from
cach other by a chord length of 13-25 cm.

Another aspect of the mnvention concerns a cardiac device
including a first electrode and a second electrode, and a car-
diac stimulator electrically connected to the electrodes and
adapted to selectively apply electrical pulses between the
clectrodes. The electrodes are adapted to be implanted sub-
cutaneously, with the first electrode being positioned adjacent
to the sternum and the second electrode being adapted to be
implanted subcutaneously at a distance o1 15-35 cm from the
first electrode, the distance being measured along an 1magi-
nary line extending circumferentially around the patient from
the sternum at a distance of about 0-3 cm from the ribs. The
first and second electrodes are adapted to be implanted in the
same plane perpendicular to the patient’s central axis. The
clectrodes are adapted to be implanted to generate an electric
field 1n a plane that endeavors to pass through the center of the
heart.

In one embodiment, the outer surface of either or both
clectrodes 1s also a conductive surface so that when the
respective electrode 1s implanted, the outer surface 1s 1n elec-
trical contact with the body tissues as well, thereby reducing,
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the electrode interface resistance. In an alternate embodi-
ment, the outer surface of one or both electrodes can be coated

with a non-conductive material.

Preferably, the electrodes are formed with rounded edges
and without sharp corners to insure that the electric field
between the electrodes 1s not concentrated at these edges.

Another aspect of the invention concerns a unitary cardiac
device formed of two subcutaneous electrodes both mounted
on a rigid housing; and a cardiac stimulator within the hous-
ing electrically connected to the two electrodes and adapted to
apply electrical pulses between the first and second elec-
trodes. The two electrodes cooperate with the cardiac stimu-
lator to generate an electric field characterized by substan-
tially parallel field lines across a substantial portion of the
heart of a patient when the housing 1s implanted in a plane that
1s perpendicular to the patient’s central axis and passes
through the patient’s sternum.

The cardiac stimulator preferably includes a pulse genera-
tor for selectively generating antiarrhythmic pulses through
the electrodes, and a sensor circuit connected to the same
clectrodes for sensing or detecting intrinsic (including
induced) cardiac signals. The stimulator may also include
arrhythmia induction circuitry.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a diagrammatic cross-sectional view of a
patient taken through the center of the heart showing the
positions of two subcutanecous electrodes and some refer-
ences used to 1identity the same;

FIG. 1B shows a partial elevational view of a standing
patient;

FIG. 2A shows a diagrammatic view of an electric field
generated with one electrode disposed at the sternum and a
second electrode located at an opposed position near the
spIne;

FIG. 2B shows a diagrammatic cross sectional view of the
clectric field generated by one electrode disposed at the ster-
num and a second electrode disposed 1n a posterior position
behind the left arm;

FIG. 2C shows a diagrammatic cross sectional view of the
clectric field generated by one electrode disposed at the ster-
num and the second electrode disposed 1n front of the left arm;

FIG. 3 shows a circuit diagram of a device constructed 1n
accordance with this invention;

FIG. 4A shows a side elevational view of an electrode used
in the device of FIG. 3;

FIG. 4B shows a bottom view of the electrode of FIG. 4A;

FIG. 4C shows a bottom view of an alternate embodiment
of the electrode of FIG. 4A;

FIG. 5 shows a block diagram of a first embodiment of the
device, wherein the device has three elements:

FIG. 6 shows a block diagram of a second embodiment of
the device, wherein the device has two elements;

FIG. 7 shows a block diagram of a third embodiment of the
device, wherein the device has one element;

FIG. 8A shows a three dimensional front rendering of a
patient’s rib cage with the device of FIG. 7 1n place;

FIG. 8B shows a three dimensional left rendering of the
patient’s rib cage of FIG. 8A;

FIG. 8C shows a cross-sectional top three dimensional
rendering of the rib cage of FIG. 8A;

FIG. 8D shows a three dimensional front rendering similar
to FIG. 8 A with slightly different version of the subcutaneous
device;:

FIG. 8E shows a left rendering of the device of FIG. 8D;
and
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FIG. 9 shows a circuit diagram of the device also showing
the sensor circuits.

DETAILED DESCRIPTION OF THE INVENTION

The present invention pertains to a novel device and
method for applying stimulation to the heart of a patient.
Betfore the device 1s described, several terms are first defined.
FIG. 1A shows a cross sectional view and FIG. 1B 1s an
clevational view of a standing patient. The heart of the patient
1s indicated at H as having a center of mass C. FIG. 1A also
shows the sternum S and the spine SP. An 1imaginary line joins
points S and SP, having a midpoint O. The vertical axis V-V
through point O 1s defined as the central axis of the patient.

The present application 1s concerned with the optimal loca-
tions of two subcutaneous electrodes A (for anterior) and P
(for posterior). These electrodes are implanted between the
skin and the rib cage. As seen 1 FIG. 1A, electrode A 1s
located as close to the sternum as possible. Its position 1s
defined by the angle B1 between lines OS and OA. Similarly,
the position of electrode P 1s defined by the angle B2 between
the lines OS and OP. As will be described in more detail
below, the electrodes are not point sources but rather are
formed with substantially flat surfaces contacting the
patient’s tissues. In FIGS. 1A and 1B the points A and P
represent the geometric centers of these contact surfaces.

As discussed above, historically, cardiac stimulation was
applied through implanted electrodes positioned either
within a cardiac chamber or 1n contact with the external
cardiac tissue (or endocardium), or through external elec-
trodes that are applied to the patient’s skin. As disclosed in the
co-pending applications listed above, it has been discovered
that the heart can be stimulated very effectively with two
clectrodes disposed subcutaneously, that 1s, through two elec-
trodes disposed between the skin and the rib cage. The two
clectrodes are connected to an implantable pulse generator
arranged to generate pulses 1n a predetermined sequence, the
pulse generator including a power supply, typically a battery,
and a capacitor charged from the battery. It has been found
that several parameters are important to the effectiveness of
the device. These factors include the orientation and direction
of the current flow through the heart (also referred to as ‘the
vector’), system impedance, electrode shape and structure,
clectrode placement and capacitor size. These parameters are
interrelated to each other and hence the subject device 1s
designed to insure that each of these parameters meets certain
characteristics without compromising, or at least minimally
compromising the characteristics of any of the other param-
eters.

The first and certainly one of the most important param-
eters 1s the vector characterizing the current flow. Optimally,
the current tlow should be uniform through the heart. Early
internal defibrillators made use of mesh electrodes that were
sewn to the heart, usually adjacent to the ventricles. This
arrangement resulted 1n a relatively uniform vector. However,
it required the patient to undergo a thoracotomy. More mod-
ern defibrillators rely on transvenous electrodes that generate
highly localized vectors that are far from optimal, often giv-
ing rise to the need for using biphasic defibrillation shocks.

FIGS. 2A-2C show electric fields represented by electric
ficld lines extending between electrodes A and P. In the
present invention, in which subcutaneous electrodes are used,
the obvious choice would be to place the electrodes 1n a
diametrically opposed relation. For example, the A electrode
could be placed at, or near the sternum, and the P electrode
could be placed near the spine. FIG. 2A shows such a con-
figuration. As shown in FIG. 2A, this configuration does
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indeed result i a fairly uniform vector propagating through
the whole heart H. However, because the distance from the
heart to the electrode P 1s fairly large as compared to the
overall distance between the electrodes A and P, much of the
energy of the vector 1s dissipated externally of the heart tissue
and, in effect, 1s wasted. Therefore, the field intensity between
the sternum S and the spine SP has to be fairly large if a
suificient field intensity 1s to be achieved within the heart.
Studies have shown that this field intensity should be about
3-8 volts/cm across the cardiac tissues, using a bi-phasic
wavelorm. This posterior position near the spine SP also has
the disadvantage of being surgically challenging to access
from an anterior or anterolateral incision.

Placing the electrode P at other positions along the
patient’s back does not solve the problem because, as the
clectrode P 1s moved to the left with respect to the spine, the
distance between the electrodes increases and the electric
field 1s shifted laterally so that one portion of the heart
recetves much less stimulation then the other, as shown 1n
FIG. 2B. In addition, the amount of lung tissue between the
two electrodes 1n creases as the electrode shiits posterolater-
ally, increasing the resistance and therefore decreasing field
intensity.

However, as the electrode P 1s moved more toward the front
past the armpit to the position indicated in FIG. 2C, the
distance between the electrodes gets shorter and the vector 1s
more uniform over a substantial portion of the heart as com-
pared to the position 1n FIG. 2B.

It should be understood that the vectors shown 1n FIGS.
2A-2C represent three dimensional fields that extend above
and below the horizontal plane defined by the center of heart
C and the geometric centers of the electrodes.

FIG. 3 shows a simplified block diagram of a device 10
constructed in accordance with this invention and 1s implant-
able as discussed 1n more detail below. The device 10 gener-
ally includes a battery 12 that 1s used to charge a capacitor 14
to a predetermined voltage (normally much higher than the
battery voltage) by a power converter circuit 16. The energy
stored 1n the capacitor 14 1s selectively discharged through
the electrodes A and P and the patient’s tissues by using an
clectronic switch 18. The electronic switch normally consists
of one or more switching elements (not shown) which may be
arranged to form a bridge to provide the energy from the
capacitor in monophasic, biphasic or multiphasic pulses. The
converter circuit 16 and the electronic switch 18 are operated
by a control circuit 20 which includes a microprocessor (not
shown) that1s programmed 1n the usual manner 1n accordance
with the physical characteristics and cardiac condition of the
patient. It should be understood that the FIG. 3 show a single
battery 12 and a single capacitor 14, multiple batteries and/or
capacitors may be provided as well.

As 1llustrated 1n FIG. 3, the active impedance seen by the
device 10 may be represented as five resistors 1n series. Resis-
tors Ria and Rip represent the resistances at the tissue/elec-
trode interfaces at electrodes A and P, respectively. Rta and
Rtp represent the resistance of the tissues between electrodes
A and P and the heart H, respectively. Rh 1s the resistance of
the heart. As current flows between the electrodes A and P,
energy 1s dissipated in resistors Ria, Rta, Rtp and Rip. Thus,
in order to save energy and therefore to minimize the size of
the battery 12 and capacitor 14, the resistances should be as
low as possible. Minimizing the resistance of the tissue resis-
tors Rta and Rtp 1s difficult. The only selections that can be
made that affects these parameters are the lengths of the
current paths to and from the heart through the various bones,
muscles, blood vessels and so on. In other words, the magni-
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tudes of these resistors are mimmized by positioning the
clectrodes as close as possible to the heart H.

Other factors that need to be considered in the design of the
device are the size, shape and structure of the electrodes.
These factors are important for two reasons: they atlect the
resistance of resistors Ria and Rip and they also affect the
shape of the vector. It 1s well known that the resistance at the
interface between two dissimilar materials (in this case the
patient tissues and the electrode surface) 1s inversely propor-
tional to the area of the interface. As the electrode surface area
increases, the resistance goes down. However, 1f the elec-
trodes are shaped with a large contact surface, they become
too difficult to implant. Moreover, if the electrodes are two
large, they will shunt the electric field around the ribs, and
away Ifrom the heart.

Optionally, the efiective contact area of the electrode(s)
may be augmented or increased without changing the dimen-
sions ol the electrode(s) thereby mitigating the electrode-
tissue 1terface resistance problem without complicating the
implantation process. Means for increasing the effective area
ol the electrode(s) include using fractal, or other microscopic
surface treatment, or by using convoluted or corrugated sur-
faces.

The electrode interface resistors Ria and Rip are 1n series
with the tissue resistors Rta and Rtp. When the combined
resistance of the electrode interface resistors 1s much larger
than the combined resistance of the tissue resistors and the
resistance of the heart (1.e., Ria+Rip>Rta+Rtp+Rh), the mag-
nitude of the current between the electrodes (and, conse-
quently, the magnitude of the electric field) 1s essentially
dependent on the combined resistance of the electrode inter-
face resistors, 1.e., the electrode interface resistors are domi-
nant. Conversely, 1 the combined resistance of the tissue
resistors 1s much greater than the combined resistance of the
clectrode interface resistors then the current magnitude is
substantially independent of the electrode interface resistors,
1.e., the tissue resistors are dominant.

We have found that the electrode interface resistors are
dominant if the electrodes have a surface area of up 10 cm” per
electrode. Above 15 cm?/electrode, the tissue resistors
become dominant and the electrode interface resistors have
very little effect.

A Turther factor to be considered in determining the inner
surface area of the electrodes 1s the distance from the elec-
trodes to the heart. We have found that the anterior electrode,
which 1s closer to the heart, should not exceed the inner
surface area of the posterior electrode. Preferably, the inner
surface area of the anterior electrode should be smaller than
the inner surface area ol the posterior electrodes. For
example, the inner surface area of the anterior electrode could
be 5-15 cm” and the inner surface area of the posterior elec-
trode could be 15-40 cm”.

As mentioned above, the shape, size and edges of the
clectrodes all affect the shape of the vector. It 1s well known
that a sharp edge on a conductor tends to focus and concen-
trate the electric field. Therefore, preferably the electrodes A
and P are made without any sharp edges. FIGS. 4A and 4B
illustrate such an electrode 30. The electrode 1s shown as
having an oval shape, but 1t can have other configurations as
well. For example, the electrode may be made with a curved
rather than a linear profile. As seen 1n the Figures, the elec-
trode 1s shaped so that all of 1ts edges are curved. It has an
inner surface 32 with a geometric center GC and an outer
surface 34. Preferably, the electrode 30 1s made of a material
having a low resistivity and 1s biologically mert. For example,
the electrode 30 can be made of stainless steel, titanium,
titanium 1ridium, titanium oxides, platinum and other alloys.
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In the embodiment of FIGS. 4A and 4B, the outer surface 34
of the electrode 32 1s covered with a layer 36 made of an
clectrically msulating material. The electrode 1s connected to

a wire 38 that 1s used to couple the electrode to the circuitry
shown 1n FIG. 3.

The electrode of FIGS. 4A and 4B can be implanted as
either electrode A or P with 1ts mner surface 32 being dis-
posed vertically, and facing generally inward, toward the
heart H. The 1nsulating layer 36 1s provided to insure that the
electric field between the two electrodes 1s restricted toward
the heart. In an alternate embodiment shown in FIG. 4C, the
clectrode 40 1s made without an insulating layer 36 on surface
34, thereby generating a broader, more dispersed and less
preferred electric field, and reducing the effective resistance
of the respective electrode interface resistor. Of course, the
clectrode edges and comers are still rounded, as shown.

As seen 1 FIG. 3, the device 10 includes a capacitor 14
which 1s charged up to a nominal voltage by a power converter
circuit 16 using energy from the battery 12. This 1s a standard
arrangement common to most other ICDs. Typically, the
impedance between the electrodes of a conventional ICD 1s
about 50 ohms. When a capacitor charged to a nominal volt-
age 1s coupled by an approprniate switching means to the
clectrodes, a stimulation signal 1s generated that decays expo-
nentially with a time constant determined by the impedance
between the electrodes and the value of the capacitor. Nor-
mally, this signal 1s cut off before 1t decays completely, as
shown 1n FIG. 3 as SS. Pulse SS 1s usually characterized as a
truncated exponential signal. As discussed above, oiften
biphasic stimulation signals are used. A biphasic stimulation
signal includes the signal SS followed immediately by a
second truncated exponential of opposite polarity.

For conventional ICDs 1t was found that the truncated
signal SS was most effective when 1ts time constant was about
5> msec, which matches the natural chronaxie of the body.
That means that the capacitor has to have a value of about 100
microfarads.

In the present device the total system impedance shown 1n
FIG. 3 can be optimized to a value of about 70-75 ohms,
depending on the various parameters discussed above. The
corresponding value for capacitor 14 1n order to obtain the
same time constant 1s about 70 microfarads. It has been con-
firmed that this time constant 1s also most effective for the
present subcutaneous device. More particularly, 1t was found
that lower stimulation threshold levels could be used with this
time constant.

Returning to FIGS. 2A-C, 1n addition to the shape, size and

contact area of the electrodes, the positions of the electrodes
A and P will have some effect on the vector. It has been found
that ideally the vector through the heart should have an aver-
age gradient of about 3-8 volts/cm. The peak voltage between
the electrodes required to generate this vector varies from
patient to patient 1n accordance to his or her size, as well as the
placement of the electrodes.

In one embodiment of the invention shown 1n FIG. 5, the
device 10 has three elements: two electrodes A and P and a
cardiac stimulator disposed 1n a housing 40 incorporating all
the other elements shown 1n FIG. 3 and cooperating to deliver
stimulating pulses to the heart through the electrodes. The
clectrodes A, P are connected to the housing 40 by leads 42,
44. For this embodiment, the electrodes are implanted sub-
cutancously so that their respective electrode centers (corre-
sponding to the geometric center GC of each inner surface 32
in FIG. 4A) are disposed at the positions shown 1 FIG. 2C.
Preferably, the electrode P 1s positioned so that the angle B1
as defined 1n FIG. 1A 1s about 5-30 degrees and angle B2 1s
about 60-120 degrees.
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Alternatively, the relative positions of electrodes A and P
may be determined as a circumierential distance D. Referring
again to FIG. 1A, broken line R shows the outer surface of the
patient’s rib. The distance D 1s measured between the elec-
trodes A and P along an imaginary line extending parallel to
the rib line R and radially displaced therefrom by a distance
H1. The electrode A 1s then placed at a distance F from the
sternum along the same imaginary line. Some preferred val-
ues for distances are as follows: D 1s in the range of 15-35 cm;
H1 1s 1n the range o1 0-3 cm; and F 1s 1n the range of 2-10 cm.

The relative positions of electrodes A and P may also be
defined as a chord length L, wherein L 1s the length of the
straight line extending between A and P as shown. Typically
L 1s 1in the range of 15-25 cm.

In the embodiment shown 1n FIG. 5, the housing 40 1s
separate from the electrode and 1s implanted at the same time
as the electrodes at any suitable site 1n the body. In another
embodiment of the mvention shown 1n FIG. 6, the housing
40A 1s an active housing in the sense that one of the elec-
trodes, for instance, electrode P 1s formed on the housing as
shown. The other electrode, in this case A, 1s coupled to the
housing 40A by alead 42A. In this case the housing 40 A with
the electrode P integral therewith 1s implanted so that the
clectrode P 1s 1n the position shown 1n FIG. 1, while the free
clectrode A 1s 1n the position adjacent to the sternum, as
explained above. Alternatively, the P electrode may be the
free electrode and the electrode A may be formed on the
housing 42 A. In this latter configuration, the housing 42A 1s
positioned near the sternum.

A third embodiment 1s shown 1n FIGS. 7, 8 A, 8B and 8C.
In this embodiment, the device 1s a unitary device in the sense
that neither electrode 1s physically separated from the hous-
ing holding the pulse generator. Instead, the device consists of
a unitary housing 40B which has an elongated body with the
clectrodes A and P being formed on the housing as shown.

This arrangement has several advantages. First, 1t elimi-
nates the need for any leads. This 1s an important advantage
for satety and reliability.

Another advantage 1s that it 1s much easier and faster to
implant. FIGS. 8 A, 8B and 8C show somewhat diagrammatic
but anatomically correct renderings of the chest cavity of a
patient with the unitary housing 40B implanted just outside
the rib cage between the fifth and sixth ribs. In order to msure
that 1t fits 1nto this location properly, the unitary housing has
curved surfaces which conform in both shape and size to the
curvature of the patient’s rib cage. As a result, the unitary
housing 40B 1s easy to implant, and, since it creates only a
slight protrusion of the skin, 1t 1s cosmetically more accept-
able as well. The unitary housing 40B can be implanted
through a single vertical incision (not shown) which need not
be greater than the width of the housing. The housing 1s then
inserted 1n one direction through the incision until it 1s dis-
posed wholly under the skin. The unitary housing 40B 1s then
slipped back under the skin, past the incision to the position
shown 1n the Figures.

FIGS. 8D and 8E shows a different embodiment of the
invention. In this embodiment, unitary housing 40C has a
somewhat flexible extension 41C. As can be seen in the Fig-
ures, the housing 40C 1s implanted so that 1ts extension 41C
curves upward adjacent to the sternum so that it becomes
almost vertical.

As best seen 1n FIGS. 8A and 8D, the ribs are not perpen-
dicular to the sternum but join the sternum at an angle. In
order for the housing 40B and 40C to conform to the space
between the ribs, 1t must be implanted at this angle as well.
Based on the considerations discussed above 1n conjunction
with FIGS. 1 and 2C, the electrodes must be positioned and
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shaped so that they generate a vector along a plane that passes
through the center of gravity C of the heart and the geometric
centers GC of the electrodes A and P and 1s slanted to follow
the angle of the rnbs as well.

In this latter embodiment, since the surfaces of the unitary
housing are non-planar, the electrodes A and P are non-planar
as well. The positions of their geometric centers are defined
by the angles B1 and B2.

The devices shown in the Figures operate in a similar
manner to conventional ICDs, and as such, have the capability
ol sensing intrinsic cardiac activities, and to induce arrhyth-
mia as well. FIG. 9 shows a circuit diagram similar to the one
in FIG. 3 but has been modified to show the sensing function.
As can be seen 1n this Figure, the electrodes A and P are also
connected to protection circuits 50, and then to sensing cir-
cuits 52. The purpose of the protection circuits 1s to insure that
the sensing circuits are not subjected to the high voltages
generated across the electrodes A and P while the shocks are
applied. As mentioned above, arrhythmia induction circuitry
may also be incorporated into the device.

Numerous modifications may be made to this invention
without departing from 1ts scope as defined 1n the appended
claims.

We claim:

1. A method of implanting an implantable cardiac device
for subcutaneous implantation in a patient, the patient having
a torso 1ncluding a ribcage, sternum and spine, the method
comprising:

implanting a first electrode, electrode A, having a surface

area in the range of about 5-15 cm* at an anterior position
adjacent to the sternum of the patient; and

implanting a second electrode, electrode P, at a second

position on the ribcage of the patient in front of the
armpit of the patient;

wherein electrode A and electrode P each has an inner

metallic surface;:

wherein electrode A and electrode P are coupled to defibril-

lation circuitry for delivering a defibrillation shock
between electrode A and electrode P.

2. The method of claim 1 wherein the surface area of
clectrode A 1s less than the surface area of electrode P.

3. The method of claim 1 wherein the circuitry for deliv-
ering a defibrillation shock comprises a capacitor having a
capacitance 1n the range of about 70 microfarads.

4. The method of claim 1 wherein the chord length between
clectrode A and electrode P, once implanted, 1s 1n the range of
15-25 cm.

5. The method of claim 1 further comprising implanting a
housing containing the defibrillation circuitry, such that elec-
trode A 1s on a first lead coupled to the housing and electrode
P 1s on a second lead coupled to the housing.

6. The method of claim 1 wherein electrode P 1s located on
a housing which contains the defibrillation circuitry, and elec-
trode A 1s coupled to the housing with a lead.

7. The method of claim 1 wherein electrode A and electrode
P are located on opposing ends of a housing which contains
the defibrillation circuitry.

8. The method of claim 1 wherein electrode P has a surface
area in the range of 15-40 cm”.

9. The method of claim 8 wherein the surface area of
clectrode A 1s less than the surface area of electrode P.

10. The method of claim 8 wherein the circuitry for deliv-
ering a defibrillation shock comprises a capacitor having a
capacitance 1n the range of about 70 microfarads.

11. The method of claim 8 wherein the chord length
between electrode A and electrode P, once implanted, 1s 1n the
range of 15-25 cm.
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12. The method of claim 8 further comprising implanting a
housing containing the defibrillation circuitry, such that elec-
trode A 1s on a first lead coupled to the housing and electrode
P 1s on a second lead coupled to the housing.

13. The method of claim 8 wherein electrode P 1s located on
a housing which contains the defibrillation circuitry, and elec-
trode A 1s coupled to the housing with a lead.

14. The method of claim 8 wherein electrode A and elec-
trode P are located on opposing ends of a housing which
contains the defibrillation circuitry.

15. The method of claim 8 wherein electrode A and elec-
trode P each have an oval shape.

16. The method of claim 1 wherein electrode A and elec-
trode P each have an oval shape.

x x * Cx x
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